ABSTRACT A simple kinetic model for the enzymatic activity of surface-active proteins against mixed micelles has been developed. This model uses the Langmuir adsorption isotherm, the classic equation for the binding of gas molecules to metal surfaces, to characterize enzyme adsorption to micelles. The number of available enzyme binding sites is equated with the number of substrate and inhibitor molecules attached to micelies; enzyme molecules are attracted to the micelle due to the affinity ofthe enzyme active site for the molecules in the micelle. Phospholipase C (Bacillus cereus) kinetics in a wide variety of dimyristoyl phosphatidylcholine/detergent micelles are readily explained by this model and the assumption of competitive binding of the detergent at the enzyme active site. Binding of phospholipase C to pure detergent micelles is demonstrated by gel filtration chromatography. Phospholipase action toward phospholipid molecules in a surface is much greater than that toward monomeric substrates ["interfacial activation" (1)]. Enzyme-specific activity also depends on the matrix used to form the surface-i.e., detergent mixed micelles (8), short-chain lecithin micelles (9, 10), bilayers (11), monolayers (12). A variety of kinetic models have been applied to these phenomena. The simplest model, applied to snake venom phospholipase A2 action toward short-chain lecithins, proposes normal Michaelis-Menten kinetics and different Vm and Km values for monomeric and micellar lipid with the monomer as a competitive inhibitor of micellar lecithin (13). Another model, proposed for pancreatic phospholipase A2, accounts for interfacial activation by proposing a second site on the enzyme that "anchors" or "recognizes" surfaces (14). Different surface-active molecules can interact differentially with the two sites and hence modulate the activity. These models have not been extended in a systematic fashion to binary or more complex surfaces except in cases in which the added surface molecule is a substrate analogue. The only detailed binary component kinetic model is that ofDennis and co-workers (15). This "surface as cofactor" model was developed for phospholipase A2 and phospholipase C kinetics using Triton X-100/lecithin micelles as substrates. The model is quite complex, requiring estimation of the surface area/head-group ratio and several assumptions (16) to fit observed activities. It is based on surface association of the enzyme followed by substrate binding in the active site to form the Michaelis complex; i.e., two distinct binding steps are involved.
The interaction of water-soluble proteins with biomembrane surfaces plays an important role in fat digestion, cell-cell communication, and numerous other cellular functions. Characterization of these phenomena is difficult because of the complexity of biomembranes and the need for sensitive binding assays. The interaction of water-soluble phospholipases with micellar structures offers a useful model system for extrinsic protein-membrane interactions. Many phospholipases have been purified to homogeneity and are available in relatively large quantities (1) (2) (3) . Micelles form optically clear solutions and can be studied by a variety of conventional physical techniques (4) (5) (6) (7) . If one of the micellar components is a substrate for the phospholipase, then the observed activity serves as a direct test for theories of enzyme-micelle interactions.
Phospholipase action toward phospholipid molecules in a surface is much greater than that toward monomeric substrates ["interfacial activation" (1) ]. Enzyme-specific activity also depends on the matrix used to form the surface-i.e., detergent mixed micelles (8) , short-chain lecithin micelles (9, 10) , bilayers (11) , monolayers (12) . A variety of kinetic models have been applied to these phenomena. The simplest model, applied to snake venom phospholipase A2 action toward short-chain lecithins, proposes normal Michaelis-Menten kinetics and different Vm and Km values for monomeric and micellar lipid with the monomer as a competitive inhibitor of micellar lecithin (13) . Another model, proposed for pancreatic phospholipase A2, accounts for interfacial activation by proposing a second site on the enzyme that "anchors" or "recognizes" surfaces (14) . Different surface-active molecules can interact differentially with the two sites and hence modulate the activity. These models have not been extended in a systematic fashion to binary or more complex surfaces except in cases in which the added surface molecule is a substrate analogue. The only detailed binary component kinetic model is that ofDennis and co-workers (15) . This "surface as cofactor" model was developed for phospholipase A2 and phospholipase C kinetics using Triton X-100/lecithin micelles as substrates. The model is quite complex, requiring estimation of the surface area/head-group ratio and several assumptions (16) to fit observed activities. It is based on surface association of the enzyme followed by substrate binding in the active site to form the Michaelis complex; i.e., two distinct binding steps are involved.
To generalize a kinetic model for surface-active enzymes such as the phospholipases, we have examined the action of phospholipase C (Bacillus cereus) toward dimyristoyl phosphatidylcholine (Myr2PtdCho) in mixed micelles with four different detergents: Triton X-100 (nonionic), (zwitterionic), deoxycholate (anionic), and trimethylcetylammonium bromide (Me3CetNBr; cationic). The data are interpreted by using a simple model based on the Langmuir adsorption isotherm and competitive inhibition ofdetergent. Detergent binding is estimated independently by gel filtration. This model, which postulates a single binding site on phospholipase C that has different affinities for amphiphilic molecules, yields unique kinetic constants for processing Myr2PtdCho and predicts the surface saturation and surface-dilution inhibition kinetics experimentally observed in each detergent system.
MATERIALS AND METHODS
Materials. Myr2PtdCho was obtained from Calbiochem. Phospholipid purity was monitored by TLC in CHClJCH30H/ H20 (65:24:4). Triton X-100 (Amersham), Zwittergent [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (Calbiochem), and Me3CetNBr and sodium deoxycholate (Sigma) were used without further purification.
Enzymatic Assays. Phospholipase C (B. cereus) was purified as described (17) . Enzymatic (KDm) to phospholipase C were estimated by gel filtration using a column (0.7 x 50 cm) of Sephadex G-100 equilibrated with enzyme at 0.01 mg/ml in 50 mM Tris HCI/1.0 mM Zn2 , pH 7.5 (column buffer). The column was standardized with blue dextran (Sigma) to mark the void volume and ADP to mark the column volume. Detergent samples (0.5-1.0 ml of 10-100 mM detergent) were applied to the column. Detergent elution was monitored by OD278nm in the case ofTriton X-100 and by a colorimetric amine assay (18) for Zwittergent and Me3CetNBr. Enzyme-detergent binding was monitored by the appearance of an activity peak above baseline values coincident with the detergent peak and a subsequent activity trough centered about the elution volume for phospholipase C [Mr, 23, 000 (19) ]. Binding constants were estimated by averaging the amounts ofexcess enzyme in the detergent peak and deficient enzyme activity in the trough and using this value for the amount of enzymedetergent complex formed, knowing the amount of detergent applied to the column and the concentration of free enzyme in the buffer (20) . Each KDm is the mean of two or more columns.
Computational Analysis. The least-error path (in the 3-space) from the original guess to the final least-error solution was reasonably linear, suggesting that no nearby minima exist. Other reasonable combinations of the kinetic parameters were tried to sample the solution space; all gave errors more than 10 times the best-fit error. The kinetic parameters were each optimized to one significant figure.
RESULTS AND DISCUSSION Derivation of Kinetic Model. We propose that the observed initial velocity, Vi, for a surface-active enzyme ( Fig. 1) is
The different catalytic rate constants for monomeric and micellar substrate are not important in this study; the aqueous solubility of Myr2PtdCho is very low, and kinetic studies of phospholipase C (9) and phospholipase A2 (13) with pure shortchain lecithin monomers and micelles suggest that kc < kcm.
The monomer term is retained in the derivation for generality.
We (1982) 4905 the average experimental SD per assay. However, we believe that the SD oftwo assays done the same day does not accurately reflect the error for a large assay set done over a 4-month period with phospholipase C obtained from three separate purifications. The ability of this model to predict observed specific activities in mixed micellar systems with four structurally dissimilar detergents is a significant improvement over previous models of phospholipase kinetics.
As This value is similar to the maximum velocity for phospholipase C activity extrapolated for the Triton X-100/egg lecithin system using a surface-as-cofactor model (16) .
"Surface Dilution" Kinetics. At a fixed mole fraction of lecithin, phospholipase C activity depends on the total concentration ofsurfactant (lecithin plus detergent). For the Triton X-100-and deoxycholate-containing micelles, curves somewhat reminiscent of substrate saturation kinetics are observed (Fig. 2 A  and C) ; for the Zwittergent and Me3CetNBr micellar systems, the activity is constant and markedly inhibited (Fig. 2 B and D) . In each graph, the line connects the theoretical values; the calculated activities are found at the phospholipid concentrations corresponding to the experimental points. It is not easy to see how direct surface binding can be obtained from these curves, as suggested by Dennis (22) .
If, rather than holding the mole fraction oflecithin constant,
we maintain a fixed lecithin concentration and vary the detergent concentration, distinct inhibition is observed (Fig. 3 ). A powerful technique for understanding the kinetics of surface-active enzymes is a three-dimensional plot in which total substrate, total detergent, and observed activity form the x, y, and z axes. Two-dimensional slices of such plots are shown in Fig. 4 . The assay series for total surface concentration at a fixed mole fraction oflecithin is represented on this plot by a straight line that intersects the origin. For example, the data from Fig.  2A for Myr2PtdCho/Triton X-100 micelles are shown in Fig.  4B as points connected by the line constant Myr2PtdCho/detergent = 4. At low substrate concentrations, this surface concentration activity line cuts across some of the specific activity contour lines, showing some change in activity. At higher concentrations (i.e., the upper two-thirds ofthe line), this line runs parallel to the activity isobars, so no change in activity with increasing concentration is indicated. The surface-dilution series is seen on this graph as a line parallel to the abscissa. It can intersect a large number of activity isobars indicating inhibition. An optimized set ofexperiments is given by the crossline in Fig.   4A , which represents fixed total surfactant (phospholipid and detergent) but various mole fractions of phospholipid.
Inspection of the Myr2PtdCho concentration axes in Fig. 4 A and B indicates different activities in the absence of detergent. The failure of this model to converge to a common activity in the absence of detergent cannot be examined experimentally for this system because mixed micelles that have high proportions of Myr2PtdCho are not stable soluble micelles. However, mixed micellar systems with short-chain lecithins and detergents are soluble in all proportions, making the entire line shown in Fig. 4A accessible. The cmc of several of the shortchain lecithins are in experimentally convenient concentration ranges, so a full kinetic analysis for monomeric and micellar substrate and monomeric and micellar detergent is possible. Extrapolation to Other Substrate Aggregates. The basic idea of the Langmuir adsorption kinetic model is that an enzyme is attracted to a surface via a binding site for individual molecules composing the surface. This allows us to reinterpret the activity ofphospholipases in other mixed systems and to predict enzyme affinities for different surface components. For example, phospholipase C (B. cereus) activity is sensitive to the presence of cholesterol (23) but not to that of triglyceride (24) . Rather than strictly relating "surface" concentrations of these components, this means that phospholipase C must have a strong affinity for cholesterol but little for triglyceride compared with lecithin. The report of Sundler et aL (25) that a phosphatidylinositol-specific phospholipase C displayed surface dilution inhibition in Triton X-100/phosphatidylinositol micelles but not with lecithin/phosphatidylinositol sonicated vesicles can be explained by a stronger affinity ofthat enzyme for Triton than for lecithin. This suggests that the detergent hydroxyl group or oxygen-rich oxyethylene units mimic inositol binding to that enzyme.
